A clinical isolate of Serratia marcescens (FHSM4055) was highly resistant to carbapenem (MIC of imipenem, 100 mg/L) and was atypical in that it was negative in the aesculin-hydrolysis test. This parent strain was compared with the revertants SI and S5, which had lost resistance to imipenem alone and to imipenem and piperacillin respectively. The MICs of imipenem for the revertants were 16-to 32-fold lower than that for the parent strain. Only the crude extract of the parent strain had imipenem-hydrolyzing activity (0.27 unit/mg: panipenem-, mcropenem-and biapenem-hydrolyzing activities were 53.4, 22.6 and 26.7% of the imipenem-hydrolyzing activity, respectively). From the isoelectric focusing profiles of /J-lactamases detected with nitrocefin, the parent strain produced /J-lactamases with pis of 9.2, 8.7 and 5.5, whereas the revertants did not produce the pi 8.7 /Mactamase, which is a metalloenzyme. In the induction test, the pi 8.7 /?-lactamase was constitutive. These results indicated that the constitutive pi 8.7 /?-lactamase contributes to the carbapenem resistance of the parent strain. On the other hand, the MICs of imipenem for the revertants were 8-to 16-fold higher than that for the typical S. marcescens reference strain IFO3736, which was susceptible to various /?-lactam antibiotics other than first generation cephalosporins (according to the disk sensitivity test). This result revealed that the revertants were low-level resistant to carbapenem. The protein corresponding to the 42 kDa porin of strain IFO3736 (the major transport-channel) was absent on the outer membrane protein profiles of the parent strain and the revertants, and [ 3 H]glucose uptake concomitantly decreased. Hence a combination of constitutive pi 8.7 metallo-/?-lactamase and decreased outer membrane permeability are major factors involved in the high-level carbapenem resistance of S. marcescens.
Materials and methods

Strains
S. marcescens FHSM4O55 with high-level resistance to carbapenem was isolated from the bile of a patient at the Showa University Fujigoaka Hospital and used as the parent strain in this study. Carbapenem-susceptible revertants were selected from colonies of the parent strain grown on antibiotic-free trypticase-soy agar (BBL Microbiology Systems, Cockeysville, USA), that did not grow on the agar containing imipenem (25 mg/L). Revertants SI and S5 susceptible to imipenem and to imipenem and piperacillin were selected, and they constituted 2.2 and 1.1% of 962 colonies, respectively. The parent strain and the revertants were identified as atypical S. marcescens giving negative results in the aesculin-hydrolysis test with the Biotype 100 system (BioMerieux, France) and in the ornithine-decarboxylase and amygdalin-degradation tests with the API 20E identification system (BioMerieux, France). The identification codes of the strains in both systems were identical, indicating that the Grimont biotype was A3a (Grimont & Grimont, 1978) . S. marcescens IFO3736 susceptible to various antimicrobial agents other than first generation cephalosporins was used as the carbapenem-susceptible reference strain. S. marcescens FHSM4087, which was highly resistant to carbapenem (MIC of imipenem, 100 mg/L), was also used as a standard organism in both identification systems.
Antibiotics and radioactive label
Antimicrobial agents were gifts as follows: imipenem and cefoxitin, Banyu Pharmaceutical Co. Ltd. (Tokyo, Japan); panipenem, Sankyo Pharmaceutical Co. Ltd. (Tokyo, Japan); meropenem, Sumitomo Pharmaceutical Co. Ltd. (Osaka, Japan); Biapenem, Japan Lederle (Tokyo, Japan); ampicillin and cloxacillin, Meiji Pharmaceutical Co. Ltd. (Tokyo, Japan); cephaloridine, Shionogi Pharmaceutical Co. Ltd. (Osaka, Japan); cefotaxime, Hoechst Japan (Tokyo, Japan); piperacillin, Toyama Chemical Co. Ltd. (Tokyo, Japan); cefuroxime, Japan Glaxo (Tokyo, Japan). The radioactive label, [ 
Antimicrobial susceptibility test
We determined the antimicrobial susceptibility of the parent strain, the revertants and strain IFO3736 by means of the NCCLS procedure. The antimicrobial agents impregnated into Sensi-Disks (BBL Microbiology Systems, Cockeysville, USA) were as follows: ampicillin, cefmetazole, latamoxef, ceftazidime, kanamycin, tobramycin, gentamicin, netilmicin, amikacin, nalidixic acid, ofloxacin, tetracycline, minocycline, erythromycin, fosfomycin and chloramphenicol. The MICs of imipenem, panipenem, meropenem, biapenem, piperacillin, cefoxitin, cefotaxime and aztreonam for the above-mentioned organisms were determined by agar dilution using sensitivity test agar (Nissui Pharmaceutical Co. Ltd, Tokyo Japan). An inoculum of 4.0 ~ 7.5 x 10 5 cfu/mL (2.0-3.7 x lO^cfu/spot) was applied using a Micro-planter (Sakura MIT-P, Tokyo, Japan).
Estimation of plasmid size
Each organism was cultured in Luria broth at 37°C overnight. The plasmids were prepared according to Ish-Horowicz & Burke (1981) , then sized by means of 0.8% agarose gel electrophoresis. The plasmids of each organism were compared against standards of Escherichia coli V517 strain (Macrina et al., 1978) .
Preparation of crude fi-lactamase
Cells were cultured in a volume of 250 mL at 37 C C (optical density at 650 nm of ~0.5), and then harvested by centrifugation at 8000# for 15 min at 4°C. The pellet was washed once with 10 mM sodium phosphate buffer pH 7.0, resuspended to a wet weight of 0.2 mg per 5 mL in 50 mM sodium phosphate buffer pH 7.0 and sonicated for 5 min (1 min-bursts, 5 times) on ice with a Branson Sonifier Cell Disruptor (model 200, Branson Sonic Power Co. Ltd. Danbury, USA). The sonicate was centrifuged at SOOOg for 15 min at 4°C and the supernatant was centrifuged at 100,000# for 45 min at 4°C. The supernatant was used as the crude extract. The cell pellet was washed once with 20 mL of the phosphate buffer, resuspended in 500 /iL of the same buffer, and used as total outer membrane proteins (OMPs).
P-Lactamase assays
All assays were performed using a Hitachi 228 spectrophotometer (Hitachi Industrial Company, Tokyo, Japan) with a heated attachment at 37°C. The wavelength (nm) and the millimolar absorbance difference (mM" 'cm"') for measuring the hydrolysis of each substrate were as follows: 235 and 8.9 for piperacillin; 298 and 8.9 for imipenem; 290 and 10.4 for panipenem; 297 and 10.4 for meropenem; 294 and 9.7 for biapenem; 260 and 10.2 for cephaloridine; 264 and 7.25 for cefotaxime, respectively. The initial rates of hydrolysis were determined in duplicate or triplicate at a substrate concentration of 100 ^M and the values averaged. One unit of activity was defined as the amount of enzyme that hydrolyzed 1 /imol of substrate per min at 37°C in 50 mM morpholinepropane sulfonic acid buffer pH 7.0 containing 1 (iM ZnCl 2 . Enzyme activity was standardized against the protein concentration measured by the method of Bradford (1976) .
Induction test
Overnight cultures were diluted 1:20 into fresh sensitivity test broth (Nissui Pharmaceutical Co. Ltd., Tokyo, Japan) to a final volume of 20 mL. After 2 h of shaking at 37°C, the inducer (cefoxitin or imipenem) at the concentration shown in Table II was added to the culture. The incubation was continued for a further 2 h at 37°C. The crude extract was prepared and /Mactamase was assayed as described above.
Isoelectric focusing
Isoelectric focusing of /Mactamases was performed using 5% polyacrylamide (Acrylamide.Bis, 9.7:0.3) slab gel containing 6% ampholine (pH range 3.5 ~ 10.0) (Pharmacia, Uppsala, Sweden) at 4°C for 90 min (anode buffer 0.02 M H 3 PO 4 , cathode buffer, 1 M NaOH) at 15 W of constant power on a flat apparatus (Atto Co. Ltd., Tokyo, Japan). The pis were detected using a Separax sheet overlay (Jookou Co. Ltd, Tokyo Japan), that had been soaked in nitrocefin (0.5 mg/mL). The samples were compared against a calibration kit for the isoelefctric point determination of proteins within the pH range 3.5 ~ 9.3 (Pharmacia, Uppsala, Sweden).
Detection of piperacillin-hydrolyzing fi-lactamase
Piperacillin-hydrolyzing /?-lactamase in the crude extract of the revertant SI was determined according to Massida, Rossolini & Satta (1991) with slight modifications. The crude extract was resolved by vertical 12% SDS-PAGE (Acrylamide:Bis, 30:0.3) using ~ 15 ng protein per well (Laemmli, 1970) . The lane containing molecular markers was excised and stained with Coomassie brilliant blue R250. The /Mactamase lanes were gently shaken for 4 h at 37°C in 50 mM sodium phosphate buffer pH 7.0 containing 1% Triton X-100 to renature the /?-lactamase. After renaturation, the gel was overlaid with a 1% agarose gel containing 0.2% soluble starch and 2% /?-lactam antibiotic. The gel was incubated at 37°C for 20 min, and submerged in Lugol solution. The excess iodine was quickly discarded. Substrate-hydrolyzing activity was documented by the appearance of a sharp zone of decoloration in the dark background after an incubation at 37°C for 30 min. No chromosomal cephalosporinase was detected by this method, since crude extracts of the revertant S5 and strain IFO3736 induced by 1/4 MICs of imipenem and cefoxitin did not produce zones of cephaloridine-hydrolysis activities, respectively. The cephalosporinase seemed to be irreversibly inactivated by boiling with SDS before the 12% SDS-PAGE.
Preparation and separation of OMPs
OMPs were prepared according to Gutmann et al. (1985) . Briefly, ~100jig of total OMPs were incubated with 200 ^L of 50 mM sodium phosphate buffer pH 7.0 containing 0.3% N-laurylsarcosine (Sigma, St Louis, USA) for 30 min at room temperature (22 ~ 25°C), and sedimented by centrifugation at 40,000# for 45 min at 4°C. The pellet containing OMPs was resuspended in 50 fiL buffer. The OMPs were separated by vertical 8% SDS-PAGE (Acrylamide:Bis, 30:0.3) containing 3 M urea. Samples were compared with a low molecular mass standard kit (Pharmacia, Uppsala, Sweden).
Uptake of labelled glucose
The uptake of [ 3 H]glucose (5 x 10 " 3 Ci/mL) was measured as described by Gutmann et al. (1985) with slight modifications. Bacterial cells grown in Davis minimal broth (dipotassium hydrogenphosphate, 7 g; potassium dihydrogenphosphate, 2 g; magnesium sulphate, 0.1 g ammonium sulphate, 1 g; sodium citrate, 0.5 g; distilled water, 1 L) containing 0.2% glucose were harvested (optical density at 650 nm of 0.35) and washed three times with the same medium containing chloramphenicol (50 /ig/mL). The cell pellet was resuspended to an optical density at 650 nm of ~ 0.6 in minimal medium containing 1 mM glycerol instead of glucose. The cell suspension (1 mL) was added to the labelled glucose and incubated at 25°C for 30 sec, after which 125/iL of 37% formaldehyde and 1 mL of 20% ice-cold trichloroacetic acid were added. After 10 min on ice, all samples were passed through GF/A filters (Whatman, Clifton, USA), rinsed with minimal medium containing 1 mM glycerol then ethanol and dried before measuring the radioactivity.
Results
Antimicrobial susceptibility tests
The antimicrobial susceptibility data of the parent strain, the revertants and strain IFO3736 are summarized in Table I . The MICs of the carbapenems such as imipenem, panipenem, meropenem and biapenem for the parent strain ranged from 100 to 200 mg/L. They were 32-fold higher than those for the revertant SI and 32-to 64-fold higher than those of the revertant S5. Since the MICs of the carbapenems for strain IFO3736 ranged from < 0.025 to 0.20 mg/L, the revertants had low-level resistance to carbapenem. The MIC of piperacillin for the revertant S5 was 6.25 mg/L, being >32-fold lower than those for the parent strain and the revertant SI. The MIC of cefotaxime for the parent strain was > 200 mg/L, being > 2-fold higher than those for the revertants. However the MICs of cefotaxime for the revertants were 512-fold higher than that for strain IFO3736. The MIC of aztreonam for the parent strain was significantly lower than those of the other /Mactam antibiotics tested and was the same as those of the revertants. In the disc diffusion test, the parent strain was resistant to ampicillin, cefmetazole, latamoxef, ceftazidime, kanamycin, tobramycin, gentamicin, netilmicin, amikacin, nalidixic acid, ofloxacin, tetracychne, minocycline, erythromycin, fosfomycin and chloramphenicol. This drug resistance pattern was identical to those of the revertants.
Properties of three (i-laetamases
Isoelectric focusing showed that the crude extract of the parent strain contained basic /J-lactamases with pis of 8.7 and 9.2 (Figure 1, lane A) . The pi of the former was consistent with the value of the metallo-^-lactamase purified from the parent strain as described (Marumo at al., 1995) . The revertants SI and S5, as well as strain IFO3736 (Figure 1, lanes B, C and D, respectively) , did not produce the pi 8.7 //-lactamase, whereas all strains tested produced that at pi 9.2, regarded as chromosomal cephalosporinase (Joris et al., 1986; Hechler et al., 1989) . Furthermore, the parent strain and the revertant SI produced a pi 5.5 /?-lactamase (not shown data).
Iodine detection with SDS-PAGE revealed that the pi 5.5 /J-lactamase of the revertant SI with a Mwt of ~30 kDa hydrolyzed ampicillin, cephaloridine, piperacillin and weakly, carbenicillin, but not cloxacillin, cefuroxime, cefotaxime and imipenem. This hydrolysis profile corresponded to that of the type I penicillinase classified by Mitsuhashi and colleagues (Sawai et al., 1970; Sawada el al., 1976) . This type of penicillinase had properties of TEM-I-and -2-like enzymes (Matthew, 1979; Bush, 1989; Bush et al., 1991) .
The jS-lactamase activities (uninduced) in the crude extracts of the parent strain, the revertants and strain 1FO3736 were determined. Compared with imipenem, which was hydrolyzed at a rate of 0.27 units/mg, panipenem, meropenem and biapenem were hydrolyzed by the pi 8.7 /J-lactamase from the parent strain at ratios of 53.4. 22.6 and 26.7%, respectively. However, the crude extracts of the revertants and strain IFO3736 had no carbapenem-hydrolyzing activity, even when measured for 1 h. Hence these results indicated that the loss of the pi 8.7 /Mactamase contributes to the decreased MICs of the carbapenems for the revertants.
On the other hand, plasmid analysis indicated that the parent strain producing the pi 8.7 and 5.5 /Mactamases and the revertant SI producing the pi 5.5 /Mactamase harboured 83 and 78 x lOMaltons plasmids, respectively. However, the revertant S5 and strain IFO3736, which did not produce these two /Mactamases, did not harbour these plasmids. These findings suggested that the pi 8.7 and 5.5 /Mactamases are plasmid-borne products.
Induction test
Induction by cefoxitin or imipenem of the /Mactamase activity of the parent strain and of the revertants against imipenem, cephaloridine and piperacillin was determined (Table II) . The imipenem-hydrolyzing activity in the crude extract of the parent strain in the presence of the inducer was equivalent to that in its absence, indicating that the pi 8.7 /Mactamase is constitutive. Also the piperacillin-hydrolyzing activities in the crude extracts of the parent strain and the revertant S, in the presence of the inducer were equivalent to those in its absence, indicating that the pi 5.5 /Mactamase is constitutive. The cephaloridine-hydrolyzing activities in the crude extracts of the parent strain and the revertant S, were constitutive. However, the cephaloridine-hydrolyzing activities of the pi 9.2 /Mactamase of the revertant S5 in the presence of cefoxitin and imipenem were 7-and 18-fold higher than those in their absence, respectively, being similar to that of the chromosomal cephalosporinase of strain IFO3736. •Concentrations of the inducers for each strain were as follows: 100 mg/L of cefoxitin for the parent strain, the revertants SI and S5 and the 1/4 MIC for strain IFO3736; 1.56 mg/L of imipenem for the parent strain and the 1/4 MIC for the revertants SI and S5 and strain IFO3736. Also see Figure 1 .
'Induction ratio: enzyme specific activity in the presence of inducer per enzyme specific activity in its absence.
'No significant detection when each activity had an optical density below 0.03 per min per mg. 
Contribution of decreased permeability to the MICs of carbapenems
The OMPs profile of the reference strain IFO3736 consisted of 42 (major transport porin, that is, omp F-like porin of E. coli), 41 (omp G-like porin), 38 (omp A), 30, 23.5 and 19 kDa proteins (Figure 2 , lane F), as described by Gutmann et al. (1985) , Malouin et al. (1990) and Hashizume et al. (1993) . The OMPs profile of strain FHSM4087 with high-level resistance to carbapenem lacked the 42 kDa protein (Figure 2 , lane E). The 40, 37 and 29 kDa proteins of the parent strain and the revertants corresponded to the 41 (porin), 38 (ompA) and 30 kDa proteins of strains IFO3736 and FHSC4087, though the molecular masses slightly differed. Hence the OMPs profiles of the parent strain and the revertants lacked the porin corresponding to the 42 kDa protein of strain IFO3736. whereas they were otherwise equivalent (Figure 2, lanes B to D) . The ['H]glucose uptake in the parent strain was similar to that in the revertants and strain FHSM4087 (Figure 3) . The ['HJglucose uptake in these four strains was 1.7-to 2.1-fold lower at 9 /<M glucose than that in strain IFO3736. Hence the loss of the porin of each of the parent strain, the revertants and strain FHSM4087, which corresponded to the 42 kDa porin of strain IFO3736, was associated with a lower uptake of [ 3 H]glucose. These results suggested that the difference in the MIC between the revertants and strain IFO3736 is caused by decreased permeability.
Discussion
Carbapenem-hydrolyzing /?-lactamases from S. marcescens and Pseudomonas aeruginosa clinical isolates have been enzymatically and genetically characterized by several investigators (Yang, Wu & Livermore, 1990; Watanabe et al., 1991; Naas et al., 1994; Osano et al., 1994; Marumo et al., 1995) . Their results indicated that carbapenem resistance is caused by metallo-/Mactamases. We found that the pi 8.7 /Mactamase of the parent strain, which was identified as a metalloenzyme (Marumo et al., 1995) , contributed to carbapenem resistance, since the MICs of the tested carbapenems for the parent strain were 32-to 64-fold higher than those of the revertants SI and S5 (Table I) . However, the MICs of the carbapenems for the revertants were not consistent with that of strain IFO3736, which was susceptible to various antibiotics including the carbapenems. These findings revealed that they have low-level carbapenem resistance.
The results of the induction test using cefoxitin and imipenem as inducers showed that the pi 8.7 and pi 5.5 /Mactamases of the parent strain were constitutive for cephaloridine-hydrolyzing activity, whereas the pi 9.2 /Mactamase of the revertant S5 lacking both enzymes was inducible. The purified pi 8.7 /Mactamase of the parent strain significantly hydrolyzes cephaloridine (/CCAT, 3088 min~'; K m , 9.16/iM"') (Marumo et al., 1995) . Also the pi 5.5 /Mactamase that is similar to TEM-1-and -2-like enzymes, significantly hydrolyzed cephaloridine as described by Matthew et al. (1979) , Bush (1989) and Bush et al. (1991) . Hence the actions of these /Mactamases seemed to result from the cephaloridine-hydrolyzing activities of the parent strain and the revertant S, being constitutive. The lower MIC of aztreonam for the parent strain was consistent with those for organisms possessing carbapenem-hydrolyzing metalloenzymes (Watanabe et al., 1992; Osano et al., 1994) . On the other hand, the decreased MICs of cefotaxime for the revertants were caused by a lack of the pi 8.7 /Mactamase, since this purified enzyme hydrolyzed cefotaxime {k CKT , 815 min" 1 ; K m , 7.24 //M~') (Marumo et al., 1995) . We considered that the much lower MICs (512-fold) of cefotaxime for the revertants than that for strain IFO3736 were caused by two resistance factors such as inducible /Mactamase action and decreased permeability as described by Hechler et al. (1989) . K. Manuno et at. Gutmann et al. (1985) have reported that the decreased 41 kDa protein with 12% SDS-PAGE, which is associated with reduced [ 3 H]glucose uptake, contributes to resistance to the third generation cephalosporins, moxalactam and monobactam (aztreonam) as well as nalidixic acid, trimethoprim and chloramphenicol. Thus, the OMPs profiles were studied by means of 12% SDS-PAGE as described by Sawai et al. (1982) and Gutmann et al. (1985) , but we failed to separate the 40 and 41 kDa porins. Electrophoresis according to Hashizume et al. (1993) with slight modifications separated the two porins on 8% SDS-PAGE containing 3 M urea. The 42 and 41 kDa proteins of the reference strain IFO3736 corresponded to the 41 and 40 kDa porins on 12% SDS-PAGE as described by Sawai et al. (1982) , Gutmann et al. (1985) and Bush et al. (1991) , respectively. The OMPs profiles of the parent strain, the revertants and strain FHSM4087 lost the 42 kDa porin corresponding to that of strain IFO3736. The 41 kDa protein on 8% SDS-PAGE containing 3 M urea corresponding to the 40 kDa porin on 12% SDS-PAGE was present in the OMPs profiles of the parent strain and the revertants as well as that of strain FHSM4087 (Figure 2) . The slight molecular-mass differences between the OMPs of the parent strain and the revertants and the corresponding OMPs of strains FHSM4087 and IFO3736 seemed to result from the parent strain and the revertants being atypical S. marcescens, as they were negative in the aesculin-, ornithine-decarboxylase and amygdalin-degradation tests. The loss of the 42 kDa protein was also associated with decreased permeability of [ 3 H]glucose uptake by the parent strain, the revertants and strain FHSM4087 (Figure 3) . The parent strain and the revertants were resistant to cefmetazole, moxalactam, ceftazidime, kanamycin, tobramycin, gentamicin, netilmicin, amikacin, nalidixic acid, ofloxacin, tetracycline, minocycline, erythromycin, fosfomycin and chloramphenicol according to the results of the susceptibility tests. These results suggested that the lack of the 42 kDa porin contributes to resistance to carbapenem as well as to the third generation cephalosporins and quinolones as described by Gutmann et al. (1985) . Hence the above results demonstrated that the pi 8.7 /Mactamase (metalloenzyme) and decreased permeability are major contributors to the high-level carbapenem resistance in the parent strain. This mechanism may also correspond to those of S. marcescens TN9106, AK9393, AK.9374 and AK9391, since they have a MIC of £64 mg/L and harbour large plasmids (Osano et al., 1994; Ito et al., 1995) . Chow et al. (1991) and Raimondi et al. (1991) have reported that carbapenem resistance in E. aerogenes, E. cloacae and P. rettgeri is caused by decreased permeability rather than the action of /Mactamase. Hechler et al. (1989) have also reported that high /Mactam antibiotic resistance in S. marcescens is due to both /Mactamase action and the decreased permeability of the antibiotics. However unlike this study, these workers did not demonstrate that the high-level /Mactam antibiotic resistance in S. marcescens possessing the carbapenem-hydrolyzing metalloenzyme such as the pi 8.7 /Mactamase was associated with decreased permeability.
